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Abstract In this paper, an effective method is presented to determine the security margin against voltage
collapse, and improve it by means of FACTS devices in the optimal continuous power flow framework.
The primary methods for determining the system’s critical states of voltage collapse points are based
on the convergence of the Newton-Raphson method in various iterations. Unlike these methods, in
this investigation, a method based on sequential quadratic programming is proposed to overcome the
divergence of the problemnear the critical states, and also to incorporate operation and control constraints
through optimal continuous power flow. Furthermore, two FACTS devices, the Thyristor-Controlled Series
Capacitor (TCSC) and the Static VAR Compensator (SVC), are mathematically represented and employed
in the optimization process to improve the security margin. The proposed method is implemented on a
practical power network to investigate the efficacy of the method.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V. All rights reserved.
Open access under CC BY-NC-ND license.1. Introduction
The capacity of power systems can be increased by their
performance improvement via optimal use of existing power
equipment, rather than by installing new transmission lines.
Load growth and the non-optimal use of electric power
transmission lines adversely affect the stability of power
systems. Although power system control and stability have
been studied for several decades, they attract special attention,
due to ever-increasing electricity demand and economical
considerations. The high cost of transmission line expansion,
including equipment, installation and right of way, force
transmission lines to operate at their maximum capacity.
Therefore, voltage stability, even under normal conditions,
becomes more and more difficult to guarantee [1–3].
The role of FACTS devices in power system performance en-
hancement becomes more important, since the main respon-
sibility of generation units is to produce active, rather than
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(close to lines thermal limit) over a long distance in a power sys-
tem, without adversely affecting the stability and security mar-
gin, can be achieved through a fast power flow control. Voltage
stability depends on the ability of the power system to main-
tain acceptable voltage for the system buses under normal con-
ditions, and, also, in the face of disturbances. In other words,
after an incidence of disturbance, i.e. an increase in demand load
and/or system characteristic changes, the systemmay face volt-
age instability, which may cause an uncontrollable deviation of
voltage [4]. The failure of power systems to provide the required
reactive power is the main cause of instability. Therefore, con-
sidering the reactive power securitymargin can increase the re-
liability of the system and prevent any possible blackouts (such
as which occurred in Iran on 20th May, 2001).
Flexible AC Transmission Systems (FACTS) obtained a well
known reputation for higher controllability in power systems
by means of power electronic devices. The first application of
FACTS devices is a fast power flow control, which can help
to improve the stability and security margin. The influence of
these devices is achieved through switched or controlled shunt
compensation, series compensation or phase shift control.
FACTS devices work as fast current, voltage or impedance
controllers. The power electronic allows a very short reaction
time, down to far below one second. The Thyristor-Controlled
Series Capacitor (TCSC) and the Static Var Compensator (SVC)
evier B.V. Open access under CC BY-NC-ND license.
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i, j Indexes of bus
n Number of system buses
Pi Injected active power to the ith bus
Qi Injected reactive power to the ith bus
PGi Energy output of the unit in the ith bus at the
current operating point
PˆGi,u Energy output of the unit in the ith bus at the
security loading point
Yij Magnitude of admittance connected between
two buses, i and j
P0i Predetermined active power at the nominal
voltage
Q0i Predetermined reactive power at the nominal
voltage
MVAL Power system load in termsofMVAat the voltage
collapse point
MVAN Power system load in terms of MVA at the
current operating point
|Vi| Voltage magnitude of the ith bus at the current
operating point
|Vˆi| Voltage magnitude of the ith bus at the security
loading point
|Vmax,i| Upper limit of the voltage magnitude in the ith
bus
|Vmin,i| Lower limit of the voltage magnitude in the ith
bus
QGi Reactive power output of the unit in the ith bus
at the current operating point
QˆG i Reactive power output of the unit in the ith bus
at the security loading point
PGmax,i Upper limit of the active power of the unit in the
ith bus
PGmin,i Lower limit of the active power of the unit in the
ith bus
QGmax,i Upper limit of the reactive power of the unit in
the ith bus
QGmin,i Lower limit of the reactive power of the unit in
the ith bus
PDi Active load of the ith bus at the current operating
point
PˆD i Active load of the ith bus at the security loading
point
QDi Reactive load of the ith bus at the current
operating point
QˆD i Reactive load of the ith bus at the security loading
point
R + jX Impedance of the transmission line
XC Magnitude of XTCSC
Sij Apparent power flow of branch between ith and
jth buses at the current operating point
Sˆij Apparent power flow of branch between ith and
jth buses at the security loading point
S¯ij Apparent power flow capacity of branch be-
tween ith and jth buses
f (x) The objective function
me Number of equality constraints (Gi(x) = 0)
mn Number of inequality constraints (Gi(x) ≤ 0)
kG Scalar variable relating system losses at the
security loading point to that of the current
operating pointλ Voltage security margin (security loading point
margin)
θij Angle of element located in the ith row and jth
column of the admittance matrix of the power
system (Rad)
δij Difference between voltage angles of buses, i and
j (Rad).
are two such devices that flexibly control line impedance and
susceptance. In most applications, the controllability can help
to avoid extreme costs due to power system expansion, such
as upgrading or installing substations and power transmission
lines. FACTS devices provide a better adaptation to various
operational conditions and improve the usage of existing
installations.
The effectiveness of FACTS controllers mainly depends on
the location of control devices [5]. In order to allocate the
FACTS devices according to their characteristics, various ob-
jectives have been considered. For instance, static voltage sta-
bility enhancement [6–9], violation avoidance of line thermal
constraints [10], network load-ability enhancement [11,12],
power loss reduction [13], voltage profile improvement [11],
fuel cost reduction of power plants using optimal power
flow [14], dynamic stability improvement [15], and efficient
damping of power swings [16] are themost common objectives
reported in the literature for optimal allocation problems. It is
worth noting that each of the mentioned objectives improves
the performance of the power system network and achieving
all objectives simultaneously is desirable for any power system
network. In order to improve voltage stability, which is con-
sidered in this paper, voltage magnitude alone may not be a
reliable indication of how far an operating point is from the col-
lapse point [17]. Hence, satisfying the voltage magnitude con-
straint does not guarantee the security margin requirements.
In order to improve both the voltage magnitude and the Secu-
rity Margin (SM) of the system, proper TCSC/SVC allocation and
setting are suggested. Accordingly, Zarate-Mihano et al. [18]
present an optimal allocation method for Flexible Ac Trans-
mission System (FACTS) devices for market-based power sys-
tems, considering congestion relief and voltage stability. Also,
Wibowo et al. [19] develops a new method for economic dis-
patch together with nodal price calculations, which includes
transient stability constraints and, at the same time, optimizes
the reference inputs to the Flexible Ac Transmission System
(FACTS) devices for enhancing system stability and reducing
nodal prices. Furthermore, in [20], an Optimal Power Flow
(OPF)-based security-driven redispatching procedure has been
proposed to archive an appropriate security level. In the pro-
posed framework, in [20], a variety of FACTS devices has been
incorporated in the redispatching problem to enhance system
security.
In this paper, a new formulation to determine a security
margin in the presence of TCSC and SVC is presented and solved,
using the Sequential Quadratic Problem (SQP) method. To
investigate the feasibility of the proposedmethod, the practical
results obtained from its implementation on the Fars power
grid are presented, and the influences of TCSC and SVC on the
emergency states of the network are also assessed.
The remainder of this paper is organized as follows: in
Section 2, the voltage securitymargin and objective function are
presented. The proposedmathematical formulation to calculate
the securitymargin of a power system is presented, considering
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the system’s physical and technical constraints, in Section 3.
TCSC and SVC models and their impact on the system security
margin are discussed in Section 4. In Section 5, the problem
optimization method (SQP) is introduced. In the next section,
the Fars power grid is used to demonstrate the effectiveness of
the proposed scheme. Some relevant conclusions are drawn in
Section 7.
2. Voltage security margin
In power systems, maintaining system security is an impor-
tant issue for systemoperators. On the other hand, transmission
facilities may not be adequately expanded due to environmen-
tal and economical restrictions. Consequently, electric power
systems normally operate close to their voltage stability limits.
Therefore, the problem of voltage security has become a ma-
jor concern in power system planning and operation for dereg-
ulated structures. For secure operation of power systems, it is
required to maintain an adequate voltage stability margin, not
only under normal conditions, but, also, in contingency cases.
The voltage stability margin in the load domain, which mea-
sures the distance from the current operating point to the volt-
age collapse point, in terms of the load increment, is an effi-
cient voltage stability index [21]. In steady state voltage stability
studies, the P–V curve, as shown in Figure 1, has been generally
used, and its nose point is considered as the system voltage col-
lapse point. However, in the literature, it has been shown that
in systems with inconstant-power loads, the real voltage col-
lapse point is the Saddle–Node Bifurcation (SNB) of the bifur-
cation curve (or point B′′ on P–V curve in Figure 1) instead of
the Nose Point (NP) of the P–V curve (point B′) [22]. Neverthe-
less, when all the loads are of a constant-power type, the nose
point just coincides with the saddle point node [23]. It should
be mentioned that in this work, the loads are assumed to be of
a constant-power type.
Referring to Figure 1 as a typical P–V curve of a power
system, the Voltage Stability Margin (VSM) is the horizontal
distance between the current operating point (B) and the
voltage collapse point (B′). The VSM in the load domain
(apparent power) indicates the power system maximum load-
ability, in terms of voltage stability [24], which is defined as
follows:
VSM = MVA
L −MVAN
MVAN
= MVA(B′) −MVA(B)
MVA(B)
. (1)Figure 2: Representation of current and security loading points.
Considering a broader viewpoint, in Figure 2, both the voltage
security margin and the VSM are shown. The security loading
point refers to the maximum allowable load increment at
which overload and voltage drop constraints are satisfied. The
voltage security margin, denoted by λ, is the distance between
the current operating point and the security loading point
(Figure 2). The conventional voltage stability indices, like Eq. (1),
indicate the stability border at which the power system has a
stable solution,without considering the quality of the operating
point. Besides, the operator usually determines a proper voltage
range, as shown in Figure 2, in order to keep high quality voltage
and to prevent the electric power devices from damage, in
addition to active power loss reduction [25]. In other words, the
security constraint should be satisfied, not only at the current
operating point but also at the system security loading point
(Figure 2). Therefore, to maintain both adequate VSM and high
quality voltage, maximization of the voltage security margin is
considered asmaximization of the following objective function:
Objective Function OF = λ = f (PDi,QDi, PGi). (2)
For a given network, the maximum load depends on the initial
load distribution; the load power factors, the capacity of the
generators, and load-voltage dependency. Related constraints
for these dependencies, and the mathematical method of
applying the definition of the stability margin in a multi-
machine power system, will be discussed in the following
sections. It is noted that there is a unique λ for each current
operating point of the system.
3. Mathematical formulation of optimal continuous power
flow
The equality and inequality constraints of the proposed
optimization problem are addressed in the following:
– AC Power flow constraints: For a given power system with n
buses, let 1 tom be PQ buses,m+1 to n be PV buses, and the nth
bus be the slack bus. Under stable conditions, the power flow
equations can be describedwith the following equations for the
current operating point (Pn in Figure 2) and the security loading
point (Pcr in Figure 2):
Pi = PGi − PDi =
n
j=1
|Vi|
Vj Yij cos(δij − θij)
i = 1, . . . , n− 1, (3)
Qi = QGi − QDi =
n
j=1
|Vi|
Vj Yij sin(δij − θij)
i = 1, . . . ,m, (4)
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n
j=1
Vˆi Vˆj Yij cos(δˆij − θij)
i = 1, . . . , n− 1, (5)
Qˆi = QˆGi − QˆDi =
n
j=1
Vˆi Vˆj Yij sin(δˆij − θij)
i = 1, . . . ,m. (6)
– The generators active and reactive power limitations: This
constraint limits the active and reactive power output of the
generators at the current operating point and the security
loading point to their maximum permitted range:
PGmin,i ≤ PGi ≤ PGmax,i for all units, (7)
QGmin,i ≤ QGi ≤ QGmax,i for all units, (8)
PGmin,i ≤ PˆGi ≤ PGmax,i for all units, (9)
QGmin,i ≤ QˆGi ≤ QGmax,i for all units. (10)
– Constant-power factor at load buses: Load can be modeled
with the constant-power factor. It is an optional constraint and
can be applied according to the following equation:
Pi − pfi
1− pf 2i
Qi = 0, (11)
where, pfi is the considered power factor in the range of [0−1].
By substituting, Ki = pfi
1−pf 2i
:
Pi − Ki · Qi = 0 i = 1, . . . ,m, (12)
Pˆi − Ki · Qˆi = 0 i = 1, . . . ,m. (13)
– Inequalities of security considerations:Sij ≤ S¯ij for all branches, (14)Vmin,i ≤ |Vi| ≤ Vmax,i for all branches, (15)
PˆDi = (1+ λ)PDi, (16)
QˆDi = (1+ λ)QDi, (17)
n
i=1
PˆGi = (1+ λ+ kG)
n
i=1
PGi, (18)
λ ≥ 0, (19)Sˆij ≤ S¯maxij  , (20)Vmin,i ≤ Vˆi ≤ Vmax,i i = 1, . . . , n, (21)
tmini ≤ ti ≤ tmaxi i ∈ JT , (22)
where ti is the transformer tap of buses with under load tap
changing transformers, i.e. the set of JT .
Eqs. (14)–(21) include security constraints (allowable ranges
of branch flows and bus voltages) at the current operating
point, i.e. Eqs. (14) and (15), and constraints of the security
loading point, i.e. Eqs. (16)–(21). Eq. (22) refers to transformer
tap limits. It is noted that constraints shown by Eqs. (5),
(6), (9), (10), (16)–(18), (20) and (21) have been utilized, inaddition to the load flow and security constraints of the current
operating point, to calculate the voltage security margin.
These constraints are considered to calculate the stability
margin in a multi-machine power system. In other words, the
Continuous Power Flow (CPF) approach has been utilized in
this work to obtain the voltage security margin of a multi-
machine system. While the mentioned formulations in Eqs.
(1)–(22) contain Security Constrained Optimal Power Flow
(SCOPF) formulations, along with continuous power flow (CPF)
formulations, it is named, in this paper, Optimal Continuous
Power Flow (OCPF).
Load-voltage dependency considerations: As mentioned
earlier, the load demand is considered to be independent of the
bus voltage. By reformulating the mathematical expressions of
the load demand, the effect of load-voltage characteristics can
be analyzed on the voltage stability margin. For this purpose,
a general expression is presented below. In these equations,
loading at the ith bus is considered to be a function of the per
unit value of voltage Vi:
PDi = P0iV pii , (23)
QDi = Q0iV qii , (24)
where pi and qi are two constants that show the load-voltage
dependency of the ith bus (0, 1 and 2). To include the load-
voltage dependency for voltage stability margin calculation,
Eqs. (23) and (24) should be substituted in AC power flow
constraints, i.e. Eqs. (3)–(6). It should be noted that P0i and
Q0i can be increased by a specific incremental pattern. Power
balance equations are:
gi = P0i V pii +
n
j=1
|Vi|
Vj Yij cos(δij − θij) = 0
i = 1, . . . ,m, (25)
hi = Q0i V qii +
n
j=1
|Vi|
Vj Yij sin(δij − θij) = 0
i = 1, . . . ,m. (26)
Note that the equality constraints represented by Eqs. (3) and
(4) should be substituted by Eqs. (25) and (26) for load buses,
i.e. i = 1, . . . ,m. Also, the above equality constraints should be
rewritten for the security loading point as shown in Figure 2. In
other words, in the equality constraints shown by Eqs. (5) and
(6), PˆDi and QˆDi should be substituted by Pˆ0iVˆ
pi
i and Qˆ0iVˆ
qi
i for
load buses, respectively.
The problem described in the above equations can be
solved as a Non-Linear Programming (NLP) problem, due to
the non-linear nature of power flow constraints. In summary,
the variables of the optimization problem can be listed as
PGi, PˆGi, ti, |Vˆi|, |Vi| and λ. It is noted that in the proposed NLP
formulation, without considering load-voltage dependency, the
voltage security margin represented by Eq. (2) should be
maximized, subject to constraints shown by Eqs. (3)–(22). Note
that if the load-voltage dependency is considered in the study,
constraints related to Eqs. (25) and (26) should be included to
the set of problem constraints.
4. Implementing FACTS devices
In order to increase or decrease the transmission line
reactance, TCSC can operate in either an inductive or capacitive
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power capacity, improve the voltage static stability and the
voltage profile, and decrease transmission loss. Similarly, SVC
has two inductive and capacitive characteristics and is primarily
used for improving and rectifying the voltage in static and
dynamic modes, reducing network reactive power loss and
increasing the static stability limit of the voltage.
In order to use the TCSC and SVC to improve the security
margin against voltage collapse, the injected power and
variable suseptance models, which are shown in Figures 3 and
4, have been used. Figure 3 shows the lumped model of line k,
which connects buses t and f . The injected active and reactive
powers at the mentioned buses are [26]:
PTCSCinjf = G′′ff V 2f + (G′′ft cos δft + B′′ft sin δft) Vf Vt , (27)
Q TCSCinjf = −B′′ff V 2f + (G′′ft sin δft − B′′ft cos δft) Vf Vt , (28)
PTCSCinjf = G′′ff V 2f + (G′′tf cos δtf + B′′tf sin δtf ) Vf Vt , (29)
Q TCSCinjf = −B′′ff V 2f + (G′′tf sin δtf − B′′tf cos δtf ) Vf Vt , (30)
where:
G′′ft =
XcR(2X + Xc)
(R2 + X2)(R2 + (X + Xc)2) , (31)
B′′ft =
Xc(R2 − X(X + Xc))
(R2 + X2)(R2 + (X + Xc)2) , (32)
where:
δft = δf − δt = −δtf , Y ′′ff = Y ′′tt = G′′ff + jB′′ff = −Y ′′ft
and
Y ′′tf = Y ′′ft = G′′ft + jB′′ft .
According to Figure 4, the SVC drawn current is:
ISVC = jBSVC Vk. (33)
The reactive power drawn by SVC, which is the reactive power
injected to bus k, is:
QSVC = Qk = −BSVC V 2k . (34)
In the presence of TCSC and SVC, andwhile using thementioned
method in Section 2 to determine the security margin, Eqs. (25)
and (26) will be modified as follows (where t and f belong to
load buses).
gf = P0f V pff + Pinjf
+
n
j=1
Vf  Vj Yfj cos(δfj − θfj) = 0, (35)
gt = P0t V ptf + Pinjt
+
n
j=1
|Vt |
Vj Ytj cos(δtj − θtj) = 0, (36)
hf = Q0f V qff + Qinjf
+
n
j=1
Vf  Vj Yfj cos(δfj − θfj) = 0, (37)
ht = Q0t V qtt + Qinjt
+
n
j=1
|Vt |
Vj Ytj cos(δtj − θtj) = 0. (38)Figure 3: TCSC injected power model.
Figure 4: SVC variable susceptance model.
It is noted that the above Eqs. (35)–(38) should be rewritten
for the security loading point (as shown in Figure 2 by Pcr ). In
other words, Eqs. (5) and (6) should be changed for buses f and
t , considering Pinjf , Pinjt ,Qinjf and Qinjt .
In addition, the reactance of TCSC and the suseptance of SVC
will be added to the problem variables, and the maximum and
minimum constraints of TCSC and SVC should be considered in
determining the reliability margin:
BminSVC j ≤ BSVC j ≤ BmaxSVC j j = 1, . . . , nSVC, (39)
XminTCSC i ≤ XTSCS i ≤ XmaxTCSC i i = 1, . . . , nTSCS. (40)
The inequalities shown by Eqs. (39) and (40) should be satisfied
for current and security loading points.
In the case of utilization of FACTS devices in the power
network, the NLP formulation of the pre-defined problem
should be modified, considering Eqs. (27)–(40).
5. Problem solution
In a constrained optimization problem, the main objective
is to convert the problem to a series of unconstrained sub-
problems, which will be considered as the base of more
easily iterative calculations in the solving procedure. Thus,
solutions to these problems are mainly based on converting
the constrained problem to an unconstrained problem, together
with an error function assigned to the constraints [27]. This
error function should approach the limit determined by the
constraint. In this way, the main constrained problem will be
solved through a sequence of unconstrained problems that
converge to themain problem. It should be noted that there are
some other common techniques for solving problems such as
these, based on Kuhn–Tucker equations [28].
The Kuhn–Tucker equations express the necessary condi-
tions for the problem to be optimized. If the problem is con-
vex (the objective function is convex in variable space), the
Kuhn–Tucker equations will express necessary and sufficient
conditions for finding the optimal solution. These conditions
are:
f (x∗)+
m
i=1
λ∗i · ∇Gi(x∗) = 0,
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Bus name Generators output Generation limits
Normal condition At voltage security point Reactive power limit (MVAr) Active power limit (MW)
No. P(MW) Q (MVAr) P(MW) Q (MVAr) Qmax Qmin Pmax Pmin
Abaspour (1) 861.4 −44.97 892.64 −2.84 1200 −600 2304 0
Karoun 3 (2) 1792 −67.47 1886.9 −9.52 630.4 −630.4 2304 0
Karoun 4 (3) 994.8 −58.57 1047.5 −57.66 600 −300 1152 0
Chehelsotoun (4) 573.2 100.05 603.57 197.29 456.2 −237.5 1000 0
Neisiak (5) 120.28 23.13 126.65 36.33 92 0 202 0
Godar (6) 1989.5 −13.07 2094.9 −19.32 1200 −600 2304 0
ABB (7) 275.37 27.31 289.96 28.98 240 −120 400 0
Montazeri 1 (8) 370.68 109.66 390.32 140.04 160.2 −82.8 480 0
Montazeri 2 (9) 652.14 290.71 686.7 290.19 408 −240 1138 0
Fars 1 (10) 600 283.1 631.79 400 400 −200 700 0
Asalouie 1 (11) 600 83.95 631.79 152.31 400 −200 1000 400
Asalouie 2 (12) 400 5.45 421.19 15.91 280 −140 500 200
Kazeroun 1 (13) 328 25.25 345.38 90.3 200 −100 456 228
Atomi (14) 900 231.32 947.69 319.81 600 −300 950 475
Fars 2 (15) 500 400 526.49 400 400 −200 933.53 465
Jahrom (16) 600 350.47 631.79 450 450 −225 700 0
Kazeroun 2 (17) 640 226.91 673.91 293.47 470 −270 847.4 423
Genave (18) 450 149.58 473.84 185.7 300 −150 500 0∇Gi(x∗) = 0 i = 1, . . . ,me,
λ∗i ≥ 0 i = me + 1, . . . ,mn.
(41)
One of the incorporative techniques which uses both of
the above mentioned methods is Sequential Quadratic Pro-
gramming (SQP) optimization [27]. In this method, firstly, a
sub-problem is constituted and solved through a quadratic
optimization procedure, and, then, the Hessian matrix will be
updated for further calculations by means of a quasi Newton
method.
6. Case study
In order to evaluate the performance of the proposed
optimization technique, the results of its implementation on
the Fars Power Grid (FPG), which is in charge of the Fars
Regional Electric Company (FREC), are considered. This network
consists of 51 buses (230, 400 KV), 75 transmission lines and 7
transformers [29]. It should be noted that the connection of the
Fars power grid with neighboring provinces is made through
the following buses: Dogonbadan, Paznan, Omidie, Jenah,
Sirjan, Shahreza and Chehel–Sotoun. In order to consider the
power flow between the above mentioned regions and the Fars
power grid and to eliminate the approximation of PVmodeling,
some tie-lines are considered between the above mentioned
buses and the nearest power plant in the neighboring provinces.
Thus, 14 buses, 22 transmission lines and 1 transformer related
to the neighboring networks are also added to the network
componentsmentioned earlier. In thismethod, it is still possible
to consider the effect of a neighboring network (generation
and transmission) around the FPG for calculation of the voltage
security margin of FREC. Here, PV modeling of the buses of FPG,
which connect to neighboring regions, is not needed. Therefore,
the slack bus selection is more accurate and the Abasspour
power plant bus (which is the slack bus for the whole of the
power network in Iran) is still considered as the slack bus for
this study.
It should be noted that to evaluate the FPG security margin
against voltage collapse, only variables of the Fars grid (voltages
of the controlled buses, transformer taps, voltage magnitude,
angle of buses and generator participation factors) have been
used, and the uniform load increment pattern is consideredto evaluate the voltage collapse point in all load buses. Any
other load increment scenario can be applied to the problem by
determining the total load increase and calculating the portion
of each load bus.
In this study, the allowed steps for tap changers are between
0.9 and 1.1 p.u., the allowed voltage changes are between 0.95
and 1.05, the range of the installed TCSC is appropriately chosen
between−70% to 0, and the range of SVC is chosen between−1
to 1 p.u.. Moreover, to evaluate the security margin of the Fars
grid, the minimum and maximum constraints of the active and
reactive power of generators, the generators participation, and
the constant-power coefficient at load buses have been taken
into account.
In order to determine the designed network voltage security
margin, the peak load of the Fars grid in 2011 [30] is considered
as the initial load. Moreover, pi and qi are considered 0 in Eqs.
(23) and (24). In this case, the evaluated security margin is less
than the case in which pi and qi are not 0 [28]. Thus, the control
parameters of FACTS devices are determined based on theworst
condition of the network. Based on the mentioned information,
the calculated value of the Fars electricity grid security margin
is λ = 0.1213. Table 1 shows the calculated powers of PV buses
of the Fars grid and the neighboring provinces under normal
and critical voltage collapse conditions. Table 2 shows the base
loads and the calculated voltages of PQ buses under normal and
critical voltage collapse conditions. The last row of this table
presents the network security margin.
It can be seen from Table 2 that the voltages of Lar,
Marvdasht, Sadi, Sourmagh and Daneshgah buses are not
acceptable, or are at their minimum permitted values under
normal conditions. In addition, the obtained security margin
value for 230 and 400 kV networks is low and, thus, the network
may have a voltage collapse due to probable contingences,
i.e. branch contingency. Hence, the effect of using TCSC and SVC
to improve the security margin is analyzed.
In order to select the candidate lines for installing TCSC,
sensitivity analysis is used to determine the most sensitive
changes in the load margin due to the line series reactance
variations [7]. Furthermore, to select the proper location for
installing SVC, a participation coefficient technique is used [31].
According to the results of these procedures, the best locations
for installing TCSC are: lines connected between buses 12–19,
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Bus name Voltage magnitude Load (base) Bus name Voltage magnitude Load (base)
Normal
condition
At voltage
security
point
Active
(MW)
Reactive
(MVAr)
Normal
condition
At voltage
security
point
Active
(MW)
Reactive
(MVAr)
Asalouie (19) 1.029 1.029 251.6 80.44 Darab (36) 0.96 0.93 181.7 180.8
Chenar (20) 1.046 1.038 0 0 Dehno (37) 0.986 0.954 246.1 145.5
Choghadak 4 (21) 1.045 1.043 0 0 Deilam (38) 1.033 1.029 44.58 12.16
Fasa 4 (22) 1.012 0.99 332.5 245 Fasa 2 (39) 1.012 0.992 40 19.37
Kangan (23) 1.019 1.018 184.3 33.27 Firouzabad (40) 0.978 0.942 113 64.88
Neiriz (24) 1.019 0.995 83.31 40.32 Genave (41) 1.047 1.047 115 41.22
Sadatshahr (25) 0.999 0.97 170.8 81.15 Ghaemie (42) 1.032 1.028 79.1 39.67
Shiraz 4 (26) 1.038 1.027 0 0 Jahrom 1 (43) 1.018 1.007 238.8 161
Sourmagh 4 (27) 0.989 0.961 0 0 Jahrom 2 (44) 1.033 1.025 14.92 6.95
Atomi 2 (28) 1.011 1.004 17 8.23 Lar (45) 0.947 0.933 149.6 80.71
Binak (29) 1.042 1.04 11 5.33 Marvdasht (46) 0.944 0.899 213.4 116.4
Boushehr 21 (30) 1.006 0.999 151.6 63.82 Sadi (47) 0.957 0.919 165.9 88.83
Boushehr 22 (31) 1.005 0.998 148.6 59.92 Shiraz 22 (48) 0.964 0.913 155.1 76.25
Borazjan 22 (32) 1.022 1.018 59.23 25.87 Shiraz 21 (49) 0.996 0.97 346.1 203.8
Borazjan 21 (33) 1.018 1.012 242.6 132.1 Siahmakan (50) 1.027 1.023 10 4.84
Choghadak 2 (34) 1.012 1.006 210.3 87.86 Sourmagh 2 (51) 0.958 0.923 294.6 208.9
Daneshgah (35) 0.95 0.931 180.98 91.3 Losses = 132.44 (MW), SM = 0.1213Table 3: The location and values of required TCSC and SVC and the state of the network.
TCSC location 12–19 36–39 37–49 18–41 18–41 43–45 16–43 16–45 15–49 42–49
Line compensation (%) 53.8 20.5 19.8 20.5 20.5 27.2 17.9 10.8 24.6 9.84
SVC location 19 27 28 36 39 45 46 48 49 51
SVC suseptance (pu) −0.214 0.49 −0.484 0.98 0.5 0.46 0.92 0.75 −2.73 0.68
Losses = 125.12 (MW), λ = 0.1702Figure 5: The fifteen severest single outages of non-transit lines of Fars
electricity grid.
36–39, 37–49, 18–41, 43–45, 16–43, 16–45, 15–49 and 42–49,
and the ten best locations for installing SVC are the buses 19, 27,
36, 28, 46, 45, 39, 48, 49 and 51. Using the specified devices in
the desired locations, and performing the optimization process
over objective function, (2), subject to pre-defined constraints,
the security margin is improved about 40% and the improved
security margin value is λ = 0.1702. Values of the required
control devices and the other results are presented in Table 3.
Using single line outage contingency analysis shows that the
severest contingencies are due to the outage of lines: 22–24
(Fasa–Neiriz), 51–54 (Shahreza–Sourmagh), 11–60 (Jenah–
Asalouie) and 24–58 (Neiriz–Sirjan). All the mentioned lines
are tie lines, so, their outage and network divergence is due
to active power problems. For instance, outage of line 24–58
has caused a great reduction, about 368 MW, in receiving
active power from the Sirjan bus (in the Kerman region), andbecause there is no other connection between the Fars grid and
Sirjan (or any other buses around the Sirjan bus in the Kerman
region), using SVC and TCSC will be ineffective in controlling
the power flow. Figure 5 presents the fifteen severest single
outages of non-transit (interregional) lines of the Fars electricity
grid, regarding the security margin against voltage collapse.
As shown in Figure 5, using the determined FACTS devices in
Table 3, the security margin is improved, even in the single line
outages of the Fars grid.
In addition, using the mentioned devices, the total system
loss is reduced from 132.44 to 125.12 MW.
The voltage of all network buses before and after installing
FACTS devices is shown in Figure 6. The profile of network bus
voltages is considerably improved by using FACTS devices. It
should be noted that if the objective function of optimization,
such as voltage profile, security margin, and reduction of the
cost of required devices, is going to be achieved,multi-objective
optimization should be utilized.
7. Conclusions
In this paper, a method for determining the voltage
security margin in a real power system is presented. The
mentioned approach considers the problem as an optimization
problem that should maximize the load demand (MVA).
This optimization problem is solved by means of the SQP
technique and the system’s critical states values regarding
voltage collapse, and, hence, the differences between the
current values and these values will be obtained as the present
security margin of the system. Unlike previous methods for
determining the security margin, which made use of load
flow iteration, caused the Jacobean matrix to experience
singularity, and the equations of load flow to diverge on the
verge of a critical state (voltage collapse verge), the presented
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method in this study is able to determine the correct answers.
Furthermore, to improve the security margin, TCSC and SVC
modeling and their appropriate equations are used to be
added to optimization relations. The results obtained from
implementing the proposed method on FPG show that the
security margin can be improved about 40% by using FACTS
devices. Besides, in this study, it is observed that by using
FACTS devices, bus voltage violation and loss can be reduced
simultaneously. Furthermore, in order to incorporate more
objective functions (e.g., maximization of transient stability
and small signal stability margins, improvement of the voltage
profile and increase in the security margin with minimum
FACTS devices investment, costs and losses of the network) in
the multi-objective framework, a complementary research can
be defined.
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